Abstract. The influence of humidity and soil type on the degradation process of clomazone, metazachlor and pendimethalin immobilized in the alginate matrix were studied under laboratory conditions, and herbicidal degradation parameters obtained for alginate systems and commercial formulations (Command 480 EC, Metazachlor 500 SC and Panida 330 SC) were compared. Two soils with different organic content were used in the experiment: loamy sand (S1) and sand (S2). The effect of soil humidity on the rate of herbicide degradation was assessed for soil S1 at 15% and 60% of maximum water holding capacity. Herbicides residues were analyzed using GC/MS method. The experimental data were fitted to the mathematical model based on the first-order reaction kinetics. There was no significant effect of soil type on the degradation rate of herbicides immobilized in the alginate matrix. For all alginate systems analyzed process was faster with an increased soil moisture. Formulation is a significant factor affecting the degradation process of herbicides in soil.
INTRODUCTION
Pesticides are the group of chemical compounds widely used in modern agriculture to increase efficiency and quality of agricultural production by reducing losses due to pests and weeds on cultivated land. One of the most important characteristics of pesticides granting marketing and use authorisation is their persistence in the environment (Grygiel et al. 2012) . Pesticide persistence determines not only the efficiency of the preparation but also affects the quality of the natural environment and safety of the agricultural product for consumption (Wrzosek et al. 2009 ).
Pesticide degradation, in particular elements of the environment, is a complex process including various physical, chemical and biological processes. The rate and domination of certain processes depend on a number of factors, the most significant being physicochemical properties of an active substance, its formulation, dose and environmental conditions such as the type of soil, moisture, organic matter content, pH, temperature and biological activity (Mervosh et al. 1995 , Van To increase safety of pesticide use and minimise their negative effect on the environment, a series of new solutions is being introduced, the dominant being the use of adjuvants (Foster et Pernak et al. 2015) and innovative controlled release formulations. The key objective in the use of such formulations in agriculture is the gradual (controlled) release of the active substance to the environment and, at the same time, minimizing the applied dose (Mogul et al. 1996 , Flores-Céspedes et al. 2007 , Fernández-Pérez et al. 2011 . Natural polymers such as alginate, ethylcellulose, starch, lignin and chitosan play a substantial role in controlled release technology due to their availability, low price, non-toxicity and, primarily, biological degradability (Roy et al. 2014) .
The aim of the present research was to determine the influence of moisture and soil texture on degradation of clomazone, metazachlor and pendimenthalin immobilized in alginate matrix and comparison of herbicide degradation parameters of alginate systems with commercial preparations.
MATERIALS AND METHODS
Three herbicides were used in the course of the research: clomazone, metazachlor and pendimethalin. The basic criterion of active substance selection was varied solubility in water, which at 20°C was: clomazone 1,102 mg/L, metazachlor 430 mg/L, pendimethalin 0.33 mg/L (http://sitem.herts.ac.uk/aeru/ppdb/en/atoz. htm). Alginate matrix formulations were obtained from the Centre for Bioimmobilization and Innovative Materials, West Pomeranian University of Technology in Szczecin, Poland (Włodarczyk et al. 2010) . Metazachlor used in the research showed 98.6% purity and was provided by Feinchemie Schwebda GmbH (Germany), whereas pendimethalin (purity 97.1%) and clomazone (purity 99.9%) were obtained from a Chemical Plant "Organika-Sarzyna" (Poland). Commercial preparations Panida 330 EC, Metazachlor 480 SC, Command 480 EC were provided by IOR-PIB in Poznań.
The two types of soil used in the research were sampled from the Western Pomerania Region, Poland (S1 -Zaspy Małe 54°03'32.07'' N, 16°16'27.66'' E, S2 -Sławoszewo 53°51'11.40'' N, 14°42'58.95'' E). Soil samples were selected according to their content of the organic carbon (S1 = 0.83%, S2 = 1.99%) and collected at a 0-20 cm depth, air dried, homogenized and passed through a 2.0 mm sieve. The physicochemical and soil texture characteristics of these soils are given in Table 1 . Hh -hydrolytic acidity; CEC -cation exchange capacity; TEB -total exchangeable bases; BS -base saturation
The effect of soil moisture on degradation of clomazone, metazachlor and pendimethalin immobilized in alginate matrix was assessed using loamy sand (S1). The experiment was conducted at two soil moisture levels: 15% mwhc (H1) and 60% mwhc (H2) (mwhc -maximum water holding capacity). The influence of soil type on degradation of the herbicide under analysis was assessed using two soil types: loamy sand (S1) and sand (S2) at 15% mwhc water content.
At the same time, for comparative purposes, degradation of clomazone, metazachlor and pendimethalin from commercial preparations: Command 480 EC, Metazachlor 500 SC, Panida 330 EC, were analysed. Soil S1 at 15% mwhc (H1) was used in analyses of commercial formulations.
For each analysed combination, 200 g of soil was used and brought to the appropriate moisture content (all determinations were conducted in three repetitions). The same dose of herbicide, 1.0 mg of active substance/kg of soil, was used in each of the analysed systems.
The analyses were conducted under laboratory conditions at the temperature of 20±2°C, in the absence of light (Memmert incubator). During the experiment, soil moisture content was monitored by means of gravimetric method. The residues of active substances were identified following 1, 3, 5, 10, 20 and 30 days of the experiment.
Gas chromatography was used to determine the concentrations of herbicides in soil samples. PerkinElmer Clarus 600 gas chromatograph was equipped with an MS detector and Elite 5MS column (30 m × 0.25 mm, 0.5 µm film thickness). To determine clomazone, metazachlor and pendimethalin in the samples, the electronic ionization method, type EI+, was used. Qualitative analysis was based on mass spectrum and ions characteristic for herbicides: clomazone 125, 204 and 239; metazachlor 81, 133, 209 and 277; pendimethalin 162, 252 and 281. Quantitative analysis was performed by the comparative method, based on the calibration curves (pendimethalin y = 399988•x -162.09; n = 6; R 2 = 0.9988; metazachlor y = 358809·x -282.04; n = 7; R 2 = 0.9995; clomazone y = 1.0·10 +6 ·x -434.12; n = 6; R 2 = 0.9991) (Włodarczyk 2016 ). Statistical analysis of the obtained data was performed using STATISTICA 10 software. For the purpose of determining the effect of moisture and soil texture on degradation of the selected herbicides immobilized in alginate matrix, one-way analysis of variance (ANOVA) was used. Mean concentrations of herbicide obtained on particular days of the experiment were compared using the Tuckey test (statistical significance p = 0.05) and presented in a graphs in the form of % of active substance residue ± standard deviation. The results were elaborated using the first-order kinetics reaction model (eq. 1) which allowed determination of herbicide degradation rate constant (k), time for 50% decay (DT 50 ) and 90% decay (DT 90 ). Constant k was determined with the LevenbergMarquardt nonlinear estimation method.
(eq. 1) where: C 0 -initial concentration; C t -concentration at time t; k -constant of rate degradation ; t -time.
RESULTS
The results obtained for the analysed herbicides meet the requirements of research on residues of plant protection products, and conform with the procedures laid down in EU document on validation of analytical methods and procedures for pesticide residues (Method 2011). The values of obtained standard deviation (S D ) and coefficient of correlation (V) for particular means representing measure of dispersion did not exceed 20% for a given series of measurements and amounted to: S D from 0.39% to 12.54%, V from 0.51% to 14.75%. The used mathematical model, based on the first-order kinetics reaction, accu-rately describes processes of degradation of herbicides in soil. This is confirmed by high values of correlation coefficient obtained for the analysed substancesextreme values from 0.917 to 0.974 (Table 2) .
Based on the conducted research it was found that the analysed factors: soil moisture and soil texture, have a varied effect on degradation of the analysed herbicides immobilised in alginate matrix, under laboratory conditions. The greatest impact on degradation of herbicides immobilised in alginate matrix was found for soil moisture content. The analyses conducted on loamy sand (S1) of organic carbon content C org = 0.89%, soil moisture 15% (H1) and 60% (H2) mwhc show that an increased water content in the soil increased the rate of degradation of herbicides immobilized in alginate matrix (Figs. 1a-3a) . After 30 days of the experiment, in soil S1of H2 moisture content, approximately 69.9% of clomazone (H1 = 41.2%), 50% of metazachlor (H1 = 32.05%) and 42% of pendimethalin (H1 = 31.23%) were degraded. Differences between the content of active substance in H1 and H2 were significant for metazachlor and clomazone, according to the Tuckey test (p = 0.05), following 5, 10, 20 and 30 days of the experiment, whereas for pendimethalin only on the 30 th day of the experiment. Increased soil moisture at the level of 60% mwhc resulted in an increase of degradation rate constant (k) for all analysed herbicide substances -by 77% for pendimethalin, 91% for metazachlor and as much as 117% for clomazone. Consequently, the analyses conducted on loamy sand of 60% mwhc water content showed the shortest degradation times (DT 50 and DT 90 ) of the herbicides under analysis (Table 2) . The analyses conducted on loamy sand (S1) and sand (S2) indicate only little effect of the texture of soil on degradation of herbicides immobilized in alginate matrix. A statistically significant difference (Tuckey test) between soils S1 and S2 in the active substance content was found only for clomazone on individual days of the experiment (following day 5 and 30) (Fig. 1a) . Within 30 days of the experiment on S2 soil, 47% of the used clomazone dose was degraded, 6% more than on soil S1. Moreover, clomazone degradation rate constant showed higher values for soil S2 (S1 = 0.018 day -1 ; S2 = 0.020 day -1 ). Consequently, degradation times DT 50 and DT 90 were shorter in sand than in loamy sand (Table 2) . However, no influence of physicochemical properties of soil on degradation of metazachlor and pendimethalin immobilized in alginate matrix was found. Degradation of the two aforementioned herbicides in loamy sand and sand of 15% mwhc water content showed the same efficiency. Within 30 days of the experiment, 32.05% (S1) -33.5% (S2) of metazachlor and 31.2% (S1) -30.6% (S2) of pendimethalin was degraded. In the case of metazachlor, it was found that degradation rate constant (k = 0.011 day -1 ), and therefore DT 50 and DT 90 times (DT 50 = 63 days, DT 90 = 209 days), were the same for both soil types. As for pendimethalin, the increase of degradation rate on sand (S2) recorded in the initial period of the experiment (Fig. 3a) resulted in higher values of degradation rate constant (k) by18% in soil S2, despite the lack of statistically significant differences between the analysed combinations. As a result, DT 50 and DT 90 of pendimethalin in S2 were shorter.
The analyses on the effect of formulation on the rate of degradation of the analysed herbicides in soil conducted for comparative purposes under laboratory conditions indicate that formulation is an additional factor affecting the process. The statistical analysis based on the Tuckey test at p=0.05 confirmed significant variations in the content of the analysed active substance between formulations for clomazone (alginate capsule, Command 480 EC) on day 5, 10, 20 and 30 of the experiment (Fig. 1b) . In the case of metazachlor (alginate capsule, Metazachlor 500 SC) and pendimethalin (alginate capsule, Panida 330 EC), the differences were statistically insignificant in the course of the whole experiment (Figs. 2b, 3b) . The results show that the use of alginate matrix slowed down the process of clomazone degradation in soil S1 of 15% mwhc moisture content. Despite the lack of significant variations between used formulations, it was found that in the case of metazachlor and pendimethalin, the rate of herbicide degradation was slightly higher in commercial preparation (Metazachlor 500 SC, Panida 330 EC). This is also reflected by the values of degradation rate constant (k) obtained with the use of Levenberg-Marquardt nonlinear estimation 
DISCUSSION
The European regulations clearly identify the lines of scientific research to be conducted on commercial agrochemicals. One of the primary aspects of such research is determination of the impact of the substances on the environment. Herbicides reaching the soil and not absorbed by the root system undergo complex transformations influenced by various physical, chemical and biological factors. The results show that the rate of degradation and residence time of herbicides in soil is varied. This depends on the type of active substance, its water solubility being the determining factor. Out of the three analysed herbicide substances immobilized in alginate matrix, the shortest degradation time (DT 50 = 38.5 days and DT 90 = 127.9 days) was found for clomazone which is characterised by the highest solubility in water 1,102mg/L. An increase in soil moisture to 60% mwhc significantly increased the rate of herbicide degradation process. This observation is also confirmed by studies conducted by Kucharski and Sadowski (2006) in which an increase in soil moisture from 20% mwhc to 90% mwhc resulted in a 70% shortening of DT 50 of fluazifop-P, ethofumesate and chlopyralid. In the case of alginate matrix, an increase in soil moisture resulted in an intensification of the process of releasing herbicide substance to soil solution in which the substanc- . For all alginate systems, at soil moisture 60% mwhc, degradation times were shorter by approximately 40% (pendimethalin) -50% (clomazone). The results show that degradation of herbicide substances immobilized in polymer matrix is less dependent on the texture of soil. The variations in the rate of degradation found between lamy sand and sand at 15% mwhc were almost insignificant. Greater influence on degradation was found regarding herbicide formulation. The rate of degradation of clomazone, metazachlor and pendimethalin applied in the form of commercial formulation (Panida 330 EC, Metazachlor 500 SC, Command 480 EC, respectively) was found to be slightly higher. Degradation rate constant calculated for commercial systems were higher. As a result, DT 50 and DT 90 times were shorter in the aforementioned formulations.
The results show that the use of polymer matrix allows reduction of the content of active substances in soil solution. This, in turn, would enable lengthening of duration of herbicide action, minimising the dosage and limiting environmentally hazardous leeching processes. CONCLUSIONS 1. Soil moisture has a significant effect on degradation of herbicide immobilized in alginate matrix. An increased water content in soil resulted in increasing rate of the degradation process. Consequently, in soil of higher humidity obtained degradation times DT 50 and DT 90 were shorter for all analysed herbicides.
2. No significant effect of the soil type on the rate of degradation of herbicides immobilized in alginate matrix was found. The differences in the rate of degradation between loamy sand and sand at 15% maximum water holding capacity were practically insignificant.
3. It was found that formulation is the determining factor of herbicide degradation process in soil. The use of alginate matrix slows down the degradation process in soil.
